The role of hydrophobic residues in voltage sensors S4 of voltage-sensitive ion channels is less documented than that of charged residues. We performed alanine-substitution of branched-sidechain residues contiguous to the third, fourth and fifth positively charged residues in S4s of the first three domains of the sodium channel expressed in HEK cells. These locations were selected because they are close to the arginines and lysines important in gating. Mutations in the first two domains (DIS4 and DIIS4) altered steady-state activation curves. In DIIIS4, the mutation L1131A next to the third arginine greatly slowed inactivation in a manner similar to that for substitutions of charged residues in DIVS4, whereas the mutation L1137A next to the fifth arginine preserved wild-type behaviour. Homology models of domain III, based on the structure of a crystallized mammalian potassium channel, shows that L1131 is located at the interface between S3 and S4 helices, whereas L1137, on the opposite side of S4, does not interact with the voltage sensor. The two mutated residues are closer to each other in domains I and II than in domain III, as may be corroborated by their different electrophysiological effects.
Introduction
Voltage-gated potassium, sodium and calcium channels stochastically undergo conformational changes when cell membranes are depolarized. The á subunits of these channels are organized in four identical or homologous domains, each of which is composed of six transmembrane segments (S1-S6) with the pore region formed by the S5 and S6 segments and their connecting extracellular linker [1] . Voltage-gated potassium channels whose structure began to be solved to high resolution (through X-ray crystallography) in 1998 [2] are composed of four identical and independent subunits, whereas sodium and calcium channels are formed from a single large polypeptide chain with four homologous domains. One common feature of voltage-gated ion channels is the transmembrane segment S4, with positively charged residues (arginines and lysines) occurring every three amino acids and separated by two non-polar residues. This motif identifies the four S4 segments as critical components of the voltage sensor [3] .
The first direct experimental evidence for their role in voltage sensing came from charge neutralizations within S4 segments, which led to reduction in gating current, alteration of channel conductance and kinetics, as well as shifts of the steady-state activation [3, 4] . The second piece of evidence came from cysteine scanning mutagenesis experiments, which showed that S4 segments move their positive charges towards the extracellular face of the membrane upon depolarization [5, 6] . Site-directed fluorescence labeling coupled to electrophysiology confirmed this outward movement, associated with a rotation of the S4s [7] [8] [9] .
In voltage-gated sodium channels (for an overview of this family, see [10] ), several naturally occurring mutations located in S4 segments cause either paramyotonia congenita [11, 12] or hypokalemic periodic paralysis [13, 14] . The functional consequences of these mutations were assessed in myotubes or in heterologously expressing cells. Many defects were reported in Biochimica et Biophysica Acta 1768 (2007) 1440 -1447 www.elsevier.com/locate/bbamem channel fast inactivation, recovery from inactivation and deactivation of the sodium channel [15] , as well as a reduced current density in the calcium channel [16] . Another study reports the involvement of the middle region of the S4 segment of sodium channel domain IV in slow inactivation [17] . Most of the studies devoted to S4s in voltage sensors thus focused on arginines and lysines to elucidate the molecular mechanism of the voltage-sensitive ion channel gating. However, a substitution of a neutral amino acid at position 860 (specifically Phe→ Leu) in S4 of domain II of the rat isoform of the sodium channel was shown to shift the current-voltage relationship by 20-25 mV in the depolarizing direction, i.e. activation was altered significantly, and the closed state favoured whereas inactivation remained unaffected. The activation shift is approximately equivalent to the one observed with the combined neutralization of two positive charges flanking the leucine 860 [18] . Lopez and colleagues showed that hydrophobic mutations in the segment S4 modify voltage-dependent gating in the Shaker potassium channel. Shifts of steady-state activation and/or inactivation curves caused by substitutions of hydrophobic residues in the S4 segment were comparable or even larger than with S4 basic charged residues [19] . The present study was partly motivated by reports of the unusual dielectric properties in liquid crystals composed of molecules with branched hydrophobic amino-acid sidechains [20] , as applied to the structure-function relations of voltagesensitive ion channels [21] . We show here that substitution of branched amino acid residues with unbranched residues in S4 segments in the first three domains of the voltage-dependent sodium channel have quite significant effects on activation or inactivation parameters depending on which domain is considered. These substitutions produced similar effects as seen when charged amino acids in the voltage sensor are replaced with neutral residues, supporting the idea that an energetic balance between hydrophobic and electrostatic interactions is important for the gating function of S4s [22] [23] [24] .
Our initial peptide approach [25] already suggested a role for hydrophobic residues with branched vs. chiral sidechains. We then studied the contribution of the hydrophobic residues in voltage gating by replacing phenylalanines or leucines adjacent to arginine or lysine residues in S4s of domains I, II and III with alanines. Here we show that reducing the sidechain size of the hydrophobic amino acid has a significant effect on channel gating, similar to that seen for substitutions of the charged residues located at the outer vestibule. Finally, the structure of the crystallized rat brain Kv1.2 channel, a member of the Shaker family of voltage-gated potassium channels solved to 2.9 Å resolution by X-ray crystallography [26] , is used here for homology modelling of domains I, II, and III voltage sensors of Nav1.4, adopting the activated conformation.
Materials and methods

Cell culture and transfection. Construction of Nav1.4 mutants
Human embryonic kidney (HEK 293) cells were grown and maintained as previously described [27] in 100-mm culture dishes at 37°C under 5% CO 2 . The calcium-phosphate precipitation technique was employed [28] .
Human skeletal muscle sodium channel cDNA clone was used as a template to engineer three mutations by the megaprimer PCR method of sitedirected mutagenesis [29] . To engineer the L224A, L227A, L674A, F677A, L1131A, L1137A and L1131P mutations, reactions were primed using oligonucleotides described in Table 1 . For the L1131A mutation, Nav 1.4 L1131P construct was used as a template. The primers contained nucleotide substitutions as indicated in bold face. The protocol for the first round of PCR was: 2 min at 94°C for one cycle; 20 s at 94°C, 20 s at 50°C, and 2 min at 72°C for 30 cycles; and 5 min at 72°C for one cycle. The following protocol was applied during the second round of PCR: 2 min at 94°C for one cycle, 20 s at 94°C, 20 s at 60°C, and 4 min at 72°C for 30 cycles; and 10 min at 72°C for one cycle.
All PCR reactions were carried out in DNA Engine Tetrad (MJ Research, Watertown, Massachusetts, USA). DNA Sequencing was performed using either ABI Rhodamine dye terminators, or ABI Prism BigDye Terminators and cycle sequencing with Taq FS DNA polymerase. DNA sequence was collected and analyzed on an ABI Prism 377 automated DNA sequencer (Perkin-Elmer Applied Biosystems, Foster City, California, USA). Primers were synthesized on a 394 automated DNA synthesizer (Perkin-Elmer Applied Biosystems) following standard ABI procedures.
Patch clamp recordings, voltage protocols and data analysis
Recordings were conducted in the whole-cell configuration [30] at room temperature (22°C). Thirty-six hours after transfection, culture media was replaced with the bathing solution: 140 mM NaCl, 4 mM MgCl 2 , 2 mM CaCl 2 , and 10 mM Na-HEPES at pH 7.3. The internal pipette solution contained: 130 mM CsCl, 4 mM MgCl 2 , 2.5 mM EGTA, 5 mM NaCl, and 10 mM HEPES at pH 7.3.
Peak Na + conductance (GNa) was measured during a 25-ms depolarization to various test potentials from a holding potential of − 120 mV to characterize steady-state activation. GNa is calculated from the relation GNa = INa / (V − Vrev), where INa is the peak inward Na + current during the test depolarization (V ) and Vrev is the Na + reversal potential. Data are normalized to maximum peak conductance (Gmax) and fitted to a two-state Boltzmann distribution
where V 1/2 is the test potential for half-maximal Na + activation, z the apparent gating charge, k the Boltzmann constant, T the absolute temperature (kT/e = 25 mV at 22°C). To study steady-state fast inactivation, cells were held at prepulse potentials ranging from −140 mV or −120 mV to +20 mV for 200 ms, then subjected to a 0 mV test pulse for 25 ms. Normalized peak currents were plotted versus prepulse potentials, and curves were fitted by the Boltzmann function as described above, applied for I/Imax, where Imax is the current recorded at 0 mV following the most hyperpolarizing prepulse. Tail currents were elicited by a 0.5 ms test pulse to +40 mV followed by a repolarization pulse ranging from − 120 mV to − 40 mV. Resulting currents were fitted by a single-exponential decay and expressed as a function of the voltage.
Molecular modelling
Homology models of the Nav1.4 domains I-III voltage sensors were generated using the crystal structure of the rat brain Kv1.2 voltage-gated Shaker potassium channel (Protein Data Bank code 2A79) [31] as the structural template. The amino-acid sequences of the sodium (Swiss-Prot accession P35499) and potassium (Swiss-Prot accession P63142) channels were aligned using the ClustalW algorithm [32] . Residues in the potassium channel structure were mutated using the SYBYL modelling software (Version 7.0, Tripos Inc.). The sodium channel models were subjected to 100 steps of conjugate gradient energy minimization in SYBYL using the Tripos force-field [33] . Rotamers were chosen in SYBYL for the sidechains of charged residues on the S2, S3 and S4 helices in order to maximise the number of salt bridges in the voltage sensor models; oppositely charged atoms 4 Å apart were considered to form a salt bridge. The models were subjected to another 100 steps of conjugate gradient energy minimisation in SYBYL. Figures were produced using the PyMol molecular graphics system (DeLano Scientific, San Carlos, CA, USA).
Results
Human skeletal muscle sodium channel gene SCN4A was introduced into HEK293 cells and expression was monitored using the whole cell voltage clamp technique. Alanine substitutions of hydrophobic residues with branched sidechains was applied to engineer six mutations in the WT SCN4A cDNA in order to study their effect on channel gating. These mutations (five leucines and a phenylalanine), adjacent to arginines previously found as the most important in voltage sensing (e.g. the third arginine from the left in Fig. 1 ) or lysines are located in S4 segments of domains I, II and III. They were changed to alanine, a small side chain residue thus reducing the steric effect of the bulky Leu/Phe. We investigated kinetics changes and voltage dependencies of all constructs and compared their behaviour to that of wild-type (WT) channels.
Mutations in DI and DII affect steady-state activation
Current recordings from cells expressing either L224A or L227A in DIS4, L674A, or F677A in DIIS4 showed activation and inactivation kinetics nearly similar to those recorded with WT channels ( Fig. 2A and B) . Despite a small but nonsignificant slow inactivation component developing, fast inactivation decay was unaffected. The steady-state inactivation showed no shift in the voltage-dependence of all mutants compared to WT. However, as seen in these panels, steady-state activation curves were affected for all of the mutants. While substitutions L227A, L674 and F677A shifted the activation curve to depolarizing voltages, favouring the channel closed state, for L224A there was a left shift to hyperpolarizing voltages that enhances the channel open state ( Table 2) . Channel deactivation was not altered in the mutant constructs and Fig. 1 . Mutations of hydrophobic residues to alanine in S4s of the first three domains of the voltage-gated channel. In the amino-acid sequence of the four segments S4 of the human skeletal muscle Na + channel Nav1.4, positively charged residues are shown with a + sign and hydrophobic residues that are mutated to alanine are numbered 224, 227, 674, 677, 1131, and 1137. CCACTCCTTCCTCATCGTCTTCCGCAT CCACTCCTTCCTCATCGTCTTCCGCAT AATCGGGACAGTGCCCTCGCGGGACGCA GATGATGCTGTTGCCGAAGGTCTCGAA TGCGTCCCGCGAGGGCACTGTCCCGATT and 2 megaprimers from 1st round PCR GATGATGCTGTTGCCGAAGGTCTCGAA recovery from inactivation was not affected at − 120 mV and − 100 mV but was slightly enhanced at − 80 mV.
Mutations in DIIIS4 mainly affect channel inactivation and slightly delay time-to-peak of sodium current
Whole cell inward current at − 10 mV showed that L1131A channels exhibited slower inactivation kinetics (Fig. 3A) whereas L1137A mutant channels had similar inactivation kinetics to that of WT channels. As evidenced by the slightly delayed peak with the L1131A substitution, there is also an effect on activation kinetics. At the same voltage, the time constant for fast inactivation of L1131A is about 3-4 times slower than that of WT channels (Fig. 3C) . The steady-state fast inactivation was shifted toward hyperpolarizing potentials for both mutations (Fig. 3B ). This shift was accompanied by a reduction of the slope factor significant only for the L1131A channels (for WT, z = − 3.9 ± 0.7, n = 43; L1131A, z = − 2.1 ± 0.2, n = 13; and for L1137A, z = − 3.8 ± 0.1, n = 9). Holding the cells at a more hyperpolarizing potential (− 140 mV) for the L1131A mutant did not affect significantly these values (V 1/2 = − 70.5 ± 2.2 mV, z = − 2.2 ± 0.1, n = 7). These electrophysiological data, normalized taking into account different current densities in cells, are summarized in Table 2 . It should be noted that except for the L1131P mutation (outside the scope of the present study) for which a reduction of the sodium current was observed, the peak inward current remained unaffected by these mutations. 
Molecular modelling
The structure of crystallized Kv1.2 provided the template for homology modelling of the domain I, II and III voltage sensors of Nav1.4 sodium channel [26] . The sequence alignment used for model generation is shown in Fig. 4A. Fig. 4B -D show the voltage sensor models. Several structural elements of the Kv1.2 voltage sensor could not be resolved in the crystal structure due to weak or absent electron density, e.g. in the S1-S2 and S3-S4 extracellular linkers [31] . While the positions of the S1 and S3 α-helices could be resolved, the resolution was not high enough in this region to determine the conformations of sidechains. Similarly, the sidechains of charged residues in S2 could not be resolved. Fortunately, the resolution of a number of S4 sidechains in the Kv1.2 structure allowed the determination of the register of this α-helix. Chains of residues in the S1, S2 and S3 helices were built into the sodium channel model with rotamers that allowed the formation of salt bridges. For example, residues D1069, E1079, R1132, R1135 and R1138 are involved in salt bridges. Residues with the corresponding charges are conserved in Shaker channels (Fig. 4A) and participate in electrostatic interactions in vivo [22] [23] [24] .
In the models presented here, the sidechain of L1131 is located at the interface between the S3 and S4 helices (Fig. 4D) .
It is possible that mutation of L1131 to the smaller sidechain alanine could alter the packing between S3 and S4 helices. The displacement of S4 relative to S3 can potentially destabilize the conformation of the voltage sensor, particularly if electrostatic interactions between the voltage sensor helices are disrupted. In contrast, the L1137 residue is located on the opposite side of the S4 helix compared to L1131 (Fig. 4D ). L1137 is not interacting with any element of the voltage sensor and its mutation would therefore not be expected to have as great an effect on the stability of this domain.
Discussion
The present work was focused only on S4 segments of domains I, II and III since S4 of domain IV is more involved in inactivation and its coupling to activation [34] has already been extensively studied in the past, as mentioned in Introduction. Quite recently, the role of each charged residues in DIIIS4 of skeletal muscle sodium channels has been investigated [35] and it was found that central residues (R4 and R5 in the authors' terminology) produced the greatest effects (alteration of activation parameters, depolarizing shift of the conductance versus voltage curve, decreased valence and slowing of kinetics). This partly justified the choice of hydrophobic residues with branched sidechains to be substituted, next to these important charged residues. In the voltage-dependent sodium channel investigated here, DIS4, DIIS4 and DIIIS4 have four, five, and six positive charges respectively whereas DIVS4 presents 7 or 8 positivelycharged residues. The lowest net charge in S4 is found in the KCNQ1, a member of a subfamily of Kv potassium channel [36] . Here we show that substitutions L224A and L227A in DIS4, as well as L674A and F677A in DIIS4 led to activation channel dysfunction, leaving inactivation parameters unaffected. The amplitude of the peak Na + current was not significantly changed in the mutants. However, mutation L1131A in DIIIS4 had a profound effect on channel inactivation. It should be noted that the S4 segment of domain III of the human skeletal muscle sodium channel presents 6 positive charges: K1125, R1128, R1131, R1134, R1137, and R1142, the latest being maybe 'atypical' since it does not follow the usual pattern being separated to the previous arginine by 4 residues instead of 3.
Strikingly, the peptide approach with a synthetic S4 of domain III previously showed the same trend [25] .
A previous work already found that comparable or even larger shifts in steady-state activation and inactivation curves are caused by substitutions of hydrophobic residues in the S4 sequence of the Shaker K + channel [19] . Except for the L366 mutation, midpoints of current-voltage curves as well as their slopes are differently modified depending on which hydrophobic residues are substituted. They conclude that channel activation and inactivation are coupled and suggest that the S4 structure plays a role in determining the relative stabilities of the open and closed states. In this study, six hydrophobic substitutions were tested and the effects regarding steady state activation and inactivation parameters, V 0.5 or midpoints and slopes, were significant (e.g. midpoints being shifted either to hyperpolarizing or depolarizing voltages depending of which residue was substituted [19] . This is in broad agreement with our findings, especially with the L1131A Fig. 4 . Molecular modelling. (A) Sequence alignments of membrane-spanning segments S1-S4 from Kv1.2 and domains I-III of Nav1.4. The single-letter symbols for conserved charged residues are coloured red. Hydrophobic residues mutated in the course of the current study are underlined. Residue numbers are shown on the right. (B-D) are models of the Nav1.4 domain I, domain II and domain III voltage sensors, respectively. Transmembrane helices are coloured as in (A). The grey helix on the right of each model is the S5 segment from an adjacent domain. Hydrophobic residues underlined in (A) are shown in space-filling representation and coloured red. mutation in domain III leading to increased inactivation time constants. In the same year (1991) as of the above mentioned study appeared another related article still on Shaker potassium channel. Here, the last two leucines at the C-terminal end, plus one of S4, one in the S4-S5 linker and two at the beginning of S5 were mutated to valines and also an alanine and a leucine (L3 in the authors' terminology) in the S4-S5 linker. The effects were large but again variable (either left-or right-shifts) on the activation midpoint according to the position of the mutated residues. The first phase of fast inactivation time constant was not significantly affected. It was then suggested that "leucines mediate interactions that play an important role in the transduction of charge movement into channel opening and closing" [37] . In another potassium channel (rKv1.4) and in another segment (S6), a threonine at position 529 previously shown to be a key determinant of the blocking potency of several pore blockers was mutated with Gly, Leu, Ile, Val, Ala, or Phe. Amongst the effects of these mutations, the slowing down of deactivation was largely correlated with the degree of increase in 529 sidechain hydrophobicity [38] . It was proposed that in the open state, the 529 sidechain faces a hydrophobic protein interior, as for some of the residues (like L1131) in our study which shows the largest effect in the negative shift of the fast inactivation curve as well as a significantly reduced slope (Table 2) . Overall, our data further support the notion of an asymmetric sodium channel functioning, analogous to a four-stroke-four-four cylinders engine, each homologous domain underlying different aspects of channel gating. Indeed, homologous domains seem to function independently.
The Kv1.2 structure represents the first determined case of a mammalian voltage-gated channel. Kv1.2 was crystallized adopting a native conformation since the transmembrane topology corresponds with predictions made for members of the voltage-gated ion channel family. The channel structure reveals that each voltage sensor domain, formed by the S1 to S4 transmembrane helices, is packed loosely against the S5 helix of an adjacent monomer. The pore-lining S6 helices are bent and the cytoplasmic end of the pore has a diameter of ∼ 12 Å, which suggests that the pore is in an open conformation [31] . The first four positive charges of the S4 helices, which carry most of the gating charges in Shaker potassium channels are located on the extracellular side of the predicted membrane region, which is consistent with the outward movement of the S4 segments during channel activation. It has been recently proposed that S4 segments move inwardly during transition to the resting closedstate conformation, applying pressure via the S4-S5 linkers to straighten the S6 helices with the consequent formation of a pore-blocking constriction at the pore cytoplasmic end.
Sequence alignments of the S1, S2, S3, S4 segments and the S4-S5 linker of the Kv1.2 potassium channel and the first three domains of the human skeletal sodium channel (Nav1.4) are shown in Fig. 4A . Charged residues in the S2, S3 and S4 sections that play a role in voltage sensing are conserved, which is consistent with the adoption by sodium channel voltage sensors of an equivalent activated-state conformation, as found in the Kv1.2 crystal structure. Homology models of the Nav1.4 sodium channel domain I, II and III voltage sensors (the S1-S4 helices, with the remaining segments S5, the P-loop and S5 defining the 'pore module') were generated ( Fig. 4B -D, respectively) to provide visual evidence for the location of the branched hydrophobic residues (in red) which were mutated in S4s. The S3 and S4 helices are packed together in an antiparallel arrangement in Kv1.2 and in the crystal structures of the KvAP bacterial voltage-gated potassium channel and its isolated voltage sensor [39] . In the models of domains I and II Nav1.4 channels, the hydrophobic residues of interest are spatially close together and in sufficient proximity to form packing interactions with the S3 helix (Fig. 4B, C) . Whereas the sidechain of L1131 is located at the interface between the S3 and S4 helices in the domain III model, the L1137 does not make contact with any other element of the channel and presumably interacts with lipid molecules in the membrane.
The model suggests that mutation of L1131 to the small side chain alanine could alter the packing between S3 and S4 helices, with a consequent disruption of interactions that stabilize conformations of the voltage sensor. In contrast, the L1137 residue is located on the S4 helix on the opposite side and is not interacting with other elements of the voltage sensor. Therefore, its mutation would not be expected to have a great effect on the stability of this domain. This modelling is consistent with the experimental results which show a greater effect of the L1131A over the L1137A on the function of Nav1.4. Greater understanding of the conformational changes the voltage sensor domain during transitions between functional states is required for more detailed studies. It would be of particular interest to determine whether the S4 helix moves together with S3 and S2, during the gating, or if they move independently. Indeed, at least one acidic residue in the latter segment of Shaker K + channels was shown to contribute significantly to the gating together with three arginines in S4 [40] .
In summary, the experimental and modelling studies presented here show that a rearrangement of the voltage sensor in its activated state may play a role in the onset of channel inactivation, and mutations of the hydrophobic branchedsidechain residues on the S4 helices of domains I, II and III can hasten this conformational change.
